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Introduction
− High temperature fiber-reinforced SiCf/SiC and Cf/SiC ceramic matrix composites 
(CMCs) are important for aerospace applications, because the use of the CMCs 
allows the design of lighter-weight, more fuel efficient aircraft engines and more 
advanced spacecraft airframe thermal protection systems
− The CMCs have to be protected with advanced environmental barrier coatings 
(EBCs) when they are incorporated into components for the harsh environments 
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Outline
− High temperature oxidation kinetics of an advanced HfSiCN coatings on Cf/SiC
CMC substrates investigated at 1300°C, 1400°C, and 1500°C by using 
thermogravimetric analysis (TGA)
− The coating oxidation reaction mechanisms, and effects of temperature on the 
oxidation rates 
− This oxidation reaction study also focuses on the nature of oxide scales 
formation and their stabilities 
− A per-oxidation test procedure at 1400°C for 20 h on HfSiCN coating oxidation 
kinetics at various temperatures (1300, 1400, and 1500°C)
− SEM and X-ray characterizations
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Experimental
• Study oxidation kinetics of Ultra High 
Temperature Ceramics (UHTCs)
– Material
• HfSiCN coating on Ceramic Matrix 
Composite (CMC) substrate, processed 
using magnetron enhanced physical vapor 
deposition
• Multi-targets and alloyed targets used for 
the composite coating processing in both 
Cathodic Arc and PEMS approaches
• Specimen dimensions 25.4”x12.7”x2 mm
– Methods
• TGA (Thermogravimetric Analysis)
• SEM (Scanning Electron Microscope)
• EDS (Electron Dispersive Spectroscopy)
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The HfSiCN coating oxidation weight gain squared vs. time. The standard form of a
parabolic rate law is ∆𝑤2= 𝑘𝑝 × 𝑡 + 𝐶, where ∆𝑤 is specific weight gain, 𝑘𝑝 is parabolic
rate constant, C is a constant. As can be seen from the parabolic rate law relation, when
the change in specific mass is squared, the graph is linear, and therefore the slope can
be treated as an approximation of 𝑘𝑝 for the coating system.
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Oxidation Kinetics of HfSiCN Coating Systems - Continued 
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Arrhenius Plot Using Rate Constant from Last 30 Hours of Testing
Arrhenius plot of ln(𝑘𝑝) versus inverse temperature (1/T) for HfSiCN oxidation. 
The fitted line has a slope -1723,5 mg2/cm4sec-K
𝑘𝑝 = 𝐴 ∙ 𝑒𝑥𝑝(−
𝑄
𝑅𝑇
) (1a)
where A is the pre-exponential factor, Q is the activation energy, R is gas constant. Take the natural logarithm of both sides
of Equation (1a),
ln 𝑘𝑝 = ln 𝐴 −
𝑄
𝑅
∙ 𝑇 (1b)
where the slope is −
Q
R
= −1723.5, thus the activation energy is
Q = −1723.5 × −1 × 8.314
J
mol K
= 14,300 J/mol = 14.3 kJ/mol (2)
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Photo images of oxidized specimens. (a) A pristine
sample. (b) Sample tested for 100 hours at 1300°C.
(Note that coating loss on the sides of the sample is
due to handling after the test). (c) Sample tested at
1400°C for 100 hours. (d): Sample tested at 1500°C
for 100 hours. The images illustrate the different
amounts of spalling that occurred on the surface of
samples. The sample tested at 1500°C had relatively
little spalling.
  
 
Scanning Electron Microscope (SEM) images of a 
1500°C oxidation tested specimen. Image (a) 
shows the ‘smooth’ side of the sample tested at 
1500°C for 100 hours, while image (b) shows the 
‘rough’ side of the same sample. One can note the 
difference in grain texture, as well as the beginnings 
of spallation on the ‘smooth’ side.
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X-Ray Diffraction (XRD) and Phase Analysis of Oxidized 
HfSiCN
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X-ray diffraction spectra and analysis for phase fractions on oxide scales 
for HfSiCN coating oxidation at various temperatures. (a) 1300°C; (b) 1400°C; 
(c) 1500°C.
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X-Ray Diffraction (XRD) and Phase Analysis of Oxidized 
HfSiCN – Phase Summaries
Table 1. XRD Phase Analysis of Samples Tested at 1300°C, 1400°C, and 1500°C 
for 100 hours, in flowing Oxygen 
 
1300°C 1400°C 1500°C 
Phase 
Chemical 
Formula 
Weight 
Percent 
Phase 
Chemical 
Formula 
Weight 
Percent 
Phase 
Chemical 
Formula 
Weight 
Percent 
Hf(SiO4) 29.7 Hf(SiO4) 50.9 Hf(SiO4) 27.4 
SiO2 34.2 SiO2 15.0 SiO2 61.5 
HfO2 23.9 HfO2 33.2 HfO2 11.1 
Si5C3 12.2 HfN 1.0   
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Summary and Conclusions
• Oxidation kinetics determined for the HfSiCN based Ultra-High Temperature 
Ceramic coating systems on Cf/SiC CMCs 
• Pseudo-parabolic rate law observed for the HfSiCN oxidation, where the 
reaction rate is initially more rapid during the transient stage, and then slows 
down at the steady-state. At this steady state oxidation, more protective oxide 
scales formed and reduced further diffusion fluxes of oxygen and metal hafnium 
and silicon through the coating scales.
• Samples tested at lower temperatures showed greater recession and spalling 
because of longer transient state period. Test Results showed that the 
activation energy of the oxidation reaction was approximately 14.3 kJ/mol).
• XRD analysis showed that the samples tested at 1400°C had the most 
favorable ratio of hafnia to silica scales, which, along with the steadier reaction 
rate of samples tested at this condition, suggests that the material is able to 
maintain stability at this temperature.
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